Abstract
Introduction
Although South Africa has a gross domestic product (GDP) in line with those of many middle-income countries, there remains wide-scale poverty and inequality, a legacy of the previous apartheid administration. One of the major challenges facing the present government is extending service delivery to the previously un-served majority of the population (ANC, 1994) . Since 1994, the ANC Government has embarked on ambitious national programmes tackling issues such as housing, water and electrification. Despite impressive successes in the electrification programme, there remains a sizeable backlog of unconnected households.
Alongside these developmental objectives South Africa has acknowledged the threat of climate change and pledged to adopt appropriate mitigation measures to reduce its emissions (RSA, 2010) . The argument is sometimes advanced (Davidson et al., 2010 ) that achieving universal access to electricity requires more coal-fired power stations to be built, with a 4 500 MW station adding approximately 30 Mt of carbon dioxide (CO 2 ) per year for fifty to sixty years. By estimating the emissions associated with the electricity consumption of previously unconnected households, this paper investigates whether there are real trade-offs between extending access to electricity to the poor and climate change mitigation in South Africa.
Context

Climate change
South Africa has a highly energy-intensive economy by international comparison, with a total primary energy supply per GDP output of 0.27 tonnes of oil equivalent per thousand US$ (2000) in 2009 (International Energy Agency, 2011) . The bulk of South Africa's electrical energy is, however, used by industry rather than the residential sector and the country has a very low per-capita consumption of electricity (IEA, 2011) . The high amount of energy used per unit of economic output (which defines energy intensity) is ascribed to an abundance of coal deposits enabling historically cheap electricity prices and a competitive advantage in energy-intensive industries. South Africa's emissions profile on the supply side is driven predominantly by coal-based fuel combustion, using low-grade coal with its higher associated greenhouse gas (GHG) emissions) (Kessides et al., 2007) . On the demand side, energy emissions from fuel combustion in 2000 were Journal of Energy in Southern Africa 23(4): 47-51 DOI: http://dx.doi. org/10.17159/2413-3051/2012/v23i4a3174 driven primarily by industry (83%) and transport (13%), followed by the residential sector (2%), agriculture (1%) and commerce/services (1%) (DEA, 2009) .
In 2009 at the fifteenth meeting of the Conference of the Parties (COP) to the United Nations Framework Convention on Climate Change (UNFCCC) in Copenhagen, South Africa committed to reduce its emissions by 34% by 2020 and by 42% by 2025 below business as usual (RSA, 2010) . The commitments were qualified by the statement that 'in accordance with Article 4.7 of the Convention, the extent to which this action will be implemented depends on the provision of financial resources, the transfer of technology and capacity building support by developed countries' (RSA, 2010) . The implication of this emissions reduction target is that South Africa must fundamentally change its current emissions-intensive growth path. A climate-friendly development path may, however, come into conflict with other economic and social considerations -for example, a historical reliance on cheap electricity prices (Fine & Rustomjee, 1996) , or increasing access to affordable energy services in accordance with established energy policy (DME, 1998). Bazilian et al., (2011) critically assess the intentions behind building the Medupi coal-fired power station and its consequences for South Africa's climate change objectives. Referring to the pressures that a large proportion of the population without access to electricity will have on prioritising climate change in new-build options, they suggest that 'it is quite possible that the immediate needs of the poor in gaining access to electricity services will be put ahead of the impacts of climate change on future generations' (Bazilian et al., 2011) .
Universal access to electricity
Universal access to clean and modern energy services is seen as critical to achieving human and social development in the developing world. Indeed, energy is seen to underpin the achievement of the Millennium Development Goals (UNDP, 2005) . There are numerous positive socio-economic impacts associated with providing households with access to clean and safe energy services, including health, education, and gender equality, as well as providing the basis for increased economic activities (Prasad, 2006) .
About one-third of the population in South Africa had access to electricity in 1990, and this proportion has risen to about two-thirds since the implementation of the electrification programme (Borchers et al., 2001; Gaunt, 2005; SAIRR, 2010) . Poor households typically have very low consumption levels (Prasad, 2006) and the question of whether the additional emissions associated with providing electricity access would significantly jeopardise climate change objectives does not appear to be sufficiently justified. For example, the emissions associated with extending the poverty tariff, the socalled Free Basic Electricity (FBE) subsidy, to poor households have been estimated to add an additional 0.15 Mt CO 2 per year, accounting for only 0.04% of total emissions (Sparks & Mwakasonda, 2006) .
Since 1994 when it officially commenced, the electrification programme has existed in various guises. Since 2005 it has been housed in the DoE as the Integrated National Electrification Programme (INEP) and funded by National Treasury. There is also an off-grid electrification programme (undertaken by service providers) aimed at supplying solar power in areas where grid electricity is not financially or technically feasible. To date, this programme remains very small in relation to the grid electrification programme and has had many challenges in its implementation, including affordability and acceptance by poor households (Winkler et al., 2011) .
The first phases of the grid electrification programme saw impressive results, made possible by excess capacity and available funding (Bekker et al., 2008b) with 2.5 million households connected from 1994 to 1999) (Prasad, 2006) . In more recent years, however, the programme has slowed, with annual connection rates dwindling, primarily because of funding and bulk infrastructure constraints . The DoE estimates that the current backlog in 2011 is approximately 3 388 156 households .
A universal access target to be achieved by 2012 was first announced in 2004 by President Mbeki (Bekker et al., 2008a) . This has been revised, however, and pushed back several times due to challenges with funding and lack of infrastructural capacity. Most recently, the DoE has announced a target of 92% of all households by 2014 , with no indication of when the 100% target would be reached.
A key issue with understanding the extent of the backlog is the lack of clarity surrounding the definition of universal access used by the DoE. It is unclear as to whether the targets refer to 100% of existing households when the policy was made or of future households at the date set for achievement of the target (Bekker et al., 2008a) . In policy documents (e.g. Free Basic Electricity policy) and presentations (e.g. by DoE on the INEP to Parliament in March 2011) the programme appears to refer to the current number of households, not taking the growth rate into consideration. Bekker et al., concur that the INEP does not appear to consider future households. In the following analysis therefore, we assume that electrification is limited to 100% of existing households, but we also show the implications if new households are considered.
Method and assumptions
This study estimates residential electricity consumption and associated emissions for a baseline year 2006 and with projections made to 2020 using a spreadsheet model. The base year was chosen as the most recent year for which reliable data could be found to estimate the baseline residential electricity consumption. This section attempts to describe the key inputs into the calculations and the assumptions and data sources underpinning them.
Estimating the number of households with electricity in 2006
The first step in the process was to attempt to estimate the number of households with electricity in 2006. Table 1 shows the diversity of estimates of the backlog, with the number of unelectrified households in 2006 reported in the literature ranging from approximately 2.5-3.5 million households. This variance may be attributable to the different methods used by different sources (Bekker et al., 2008) . Bekker et al. (2008a) suggest that the General Household Surveys undertaken by Statistics South Africa (Statssa) may overestimate electricity access because of sampling issues. For the purposes of this analysis, we use the DoE's INEP estimate of 3.4 million households, which is a middle of the range estimate and is used by DoE for electrification planning purposes.
This study does not take the off-grid electrification programme into consideration. The number of households in the off-grid programme at this stage represents a minor proportion of total electrified households. As at 2011, there were a total of 10 500 'planned installations' (DoE, 2011), which represents approximately 0.1% of all electrified households. Addressing the limited data availability for off-grid households -while important in its own right -would require significant effort and would not make a material difference to our purpose of estimating electricity consumption and GHG emissions.
Consumption of electricity is positively correlated with income (Louw et al., 2008) , meaning that as households move up the income spectrum their electricity consumption generally increases. While there is no deterministic move up an 'energy ladder' (Mehlwana & Qase, 1999) , the broad relationship is a reasonable approximation for these purposes. To accurately estimate total residential electricity consumption on this basis, it is therefore necessary to disaggregate households by income level.
The estimated total number of households for 2006 was sourced from the General Household Survey 2006 (Statssa, 2007a) . The DoE's backlog estimate of 3.4 million (DoE, 2007) was used to apportion these into electrified and unelectrified categories. The disaggregation of households by Senatla (2010) . This study grouped the bottom two, middle four and top five income categories. We use that combination, with results reported in Table 4 .
Electricity consumption in 2006
The National Energy Regulator of South Africa (NERSA) published an Electricity Supply Statistics report for 2006 which breaks down total electricity supplied during the year by sector, as shown in Table 3 . The residential or 'domestic' sector consumed 39 TWh or 19% of total electricity supplied in 2006. NERSA's supply statistics do not, however, disaggregate this data further and so this study made use of data from the NRS034 Domestic Load Research Database (Markus Dekenah Consulting). This database is funded by Eskom and is based on a series of surveys recording household electricity consumption by different income groups. Consumption data was available over a 15-year period, with year 1 being the first year the household was electrified. It is therefore possible to observe how consumption changes over time since electrification and take growth in consumption into account in the consumption estimates. Since it is not apparent in the electrification statistics how long households have been electrified, we take an average consumption value over the 15-year period for existing electrified households.
The Multiple fuel use is a ubiquitous feature of lowand many middle-income households and the practice continues even after electrification (White et al., 1998; Winkler et al., 2011; Louw et al., 2008) . It is important to consider multiple fuel use in a study on household emissions and the extent to which increased electricity consumption may displace emissions from other fuel sources. However, there are significant challenges with recording multiple fuel use among households, and data collected at a national level in South Africa is inadequate. It is difficult to aggregate data from samples as households in different locations may have very different usage profiles (Senatla, 2010) . Calculating the displacement of other emissions from electrification was therefore not considered feasible at this stage. The consumption rates assumed in this study are reported in section 4, which discusses the results. Figure 1 shows the declining number of annual electricity connections since 1994/95. This is attributable to the shift in the programme over time from an original urban focus (associated with cheaper and easier connections) to a now predominantly rural focus as the urban backlog has been addressed. Rural households typically have higher average connection costs, due to dispersed settlement patterns, and greater infrastructure requirements (Bekker et al., 2008b) . However, Bekker et al. (2008a) suggest the observed decline could also be overstated due to be under-reporting of new connections. Recent connection rates have not kept pace annually with new household formation, with the result that the backlog has been growing rather than decreasing (Bekker et al., 2008a) .
Future electricity connection rates
To reach a revised target of connecting 92% of existing households by the end of 2014 would require an additional 630 000 connections per year starting from 2011. This is based on the DoE's 2011 estimate of 3 388 156 unconnected households (DoE, 2011). However, there are only 199 561 planned connections for 2010/11 (DoE, 2011). The target therefore, appears unrealistic, given that the programme has never achieved such high connection rates and, furthermore, now faces significant financial and infrastructural constraints.
The study therefore, looked at what a universal access target (for existing households) by 2020 might look like. This would require an annual con-nection rate of approximately 274 000 new households per year -a lower figure than connections from 1994-2004, but higher than recent annual rates. It might. Therefore, be called an ambitiousbut-realistic rate of future electrification. The connection rate is based on connecting the current number of households as at 2006 and does not take future household growth into consideration; in a scenario including new household formation, approximately 618 000 new connections would be required each year. This figure is based on projected household growth rates obtained from the Bureau of Market Research (BMR, 2007) which says that the number of households in South Africa is likely to grow from approximately 12.9 million in 2006 to nearly 17 million in 2020. It suggests that the rate of household growth will be greater than population growth because of a trend of decreasing average household size.
Emissions from electricity consumption
To estimate the emissions associated with residential consumption of electricity, this study used an Eskom specific emissions factor of 1.03 kgCO 2 /kWh on energy sold (Eskom, 2011) . Eskom also reports an emissions factor on energy generated of 0.98 kgCO 2 /kWh. This emissions factor for electricity sold was applied to the estimated residential electricity consumption (calculated above), giving estimated emissions of approximately 41 Mt CO 2 in 2006. Note that in this analysis, emissions associated with electricity (which occur upstream) are attributed to the end-user, and should not be simply compared to other studies in which those emissions are counted under 'electricity supply' or a similar category.
Results and discussion
This section presents the results of the calculations estimating consumption and emissions for households in South Africa.
Electrified households and electricity consumption in 2006
Typical electrical consumption in poor rural households tends to be very low and to remain low for an extended period even after electrification (Prasad, 2006) . Subsequent to the initial implementation of the National Electrification Pro-gramme during the 1990s, households were found to typically consume between 100 and 150 kWh per month, much lower than the initial expectations of 350 kWh (Borchers et al., 2001) . Table 4 presents estimates for the number of electrified and un-electrified households and their electricity consumption for the year 2006. The majority of the backlog (in absolute terms) is amongst households in the middle-income group (which includes over 60% of total households in South Africa). In terms of the percentage of each income group that remains unelectrified, the lowincome group has the greatest proportionate backlog, with 37% of households remaining to be electrified, compared to 25% of middle-income households and 9% of high-income households. The relatively high number of high-income households that are still unconnected is interesting, and some portion of this could be attributable to sampling errors in Statssa's Community Survey 2007 2 . Table 5 Middle-income households consume the greatest portion of residential electricity, approximately 63% as shown in Table 5 . This is attributable to the fact that the majority of electrified households (almost 65%) fall within this income bracket. It is also evident that the poor constitute a very small proportion of residential electricity consumption and at a national level they account for only half a percent of total electricity consumption. This equates to just less than 1 TWh of electricity consumed by 3.2 million households in 2006.
Low consumption levels can be attributable in large part to lack of affordability in poor households (Winkler et al., 2011) . The proportion of the household budget that is spent on energy is referred to as the household energy burden (Prasad, 2006) . While the question of how high a burden constitutes a fuel-poor household is debatable, a figure of 10% is widely used (Winkler et al., 2011) , including by the DoE (DoE, 2009). A survey undertaken by the DoE of both electrified and un-electrified households in LSM 3 groups 1-3 found that households typically spend between 10% and 25% of their household income on energy (DoE, 2009 ). This suggests poverty and affordability issues dampen demand for electricity in poor households.
Future electricity consumption
This study bases future projections of electricity consumption on historical consumption, assuming that existing trends continue into the future. In reality there are a number of factors that may influence how households consume electricity. The first is changes in income. This study assumes no movement in income groups over the time period of the study, but it is possible that if economic growth and poverty alleviation efforts continue there will be some upward movement of households in terms of income level. As income is a significant factor influencing consumption, particularly in dampening demand among low-income households, if income levels rise this might increase electricity demanded above estimates made here.
A second factor that could influence future electricity consumption is energy efficiency. The implementation of policy documents such as Energy Efficiency Strategy (DME, 2005) and Climate Change Green Paper (DEA, 2010) may see a decline in per household electricity consumption through initiatives such as efficient technologies (solar water heaters, efficient lighting, and efficient appliances), thermal insulation or the expansion of the solar off-grid programme. Figure 2 shows the estimated growth in electricity consumption to 2020 from connecting 100% of existing households to the grid. Total electricity consumption would grow from approximately 40 TWh Source: Statssa (2007a; 2007b ), DME (2007 In a scenario where future household growth and growth in household electricity consumption is taken into account to 2020, consumption would rise to 65 TWh in 2020, with newly connected households contributing an additional 25 TWh in 2020.
Eskom produced estimates of future electricity demand to inform the IRP 2010, which assumes that electricity demand will increase from its base year assumption of 260 TWh in 2010 to 356 TWh in 2020 . In other words, electricity demand is projected to increase 37% over the twenty-year period. The most significant portion of this demand derives from the minerals-energy complex, with demand in the industrial sector 4 forecast to grow by almost 60% over the time period and demand in the mining sector to increase by 30%. Together the mining and industrial sectors account for almost 50% of total forecast demand in 2020 (Eskom, 2010) . In contrast, demand in the residential sector is estimated here to increase by approximately 32% over the same time, accounting for 15% of the IRP 2010's estimated demand in 2020. Of this, low-income households would account for only 0.4% of total demand in 2020, or 1.36 TWh of the total 356 TWh. Newly connected low-income households will account for 0.1% (0.4 TWh) of total estimated demand. The contribution of electricity demanded from all newly connected households to total estimated demand in 2020 is 3.6% or 12.8 TWh.
Medupi is estimated to add an additional 4 332MW to the system. Of the total annual energy sold by Medupi, low-income households will consume approximately 4% in 2020. Newly connected low-income households will consume 1.3% of the energy sold. The majority of Medupi's output will therefore not contribute towards achieving universal access targets for the poor but will be used to support an energy-intensive industrial sector.
Residential emissions from electricity
The residential sector emitted approximately 41 Mt CO 2 from electricity in 2006. This is shown broken down by household income group in Figure 3 . The majority of emissions emanate from middleincome households (26 Mt CO 2 ) since this classification has the greatest absolute number of households. However, Figure 4 shows that on a per household basis, high-income households generate by far the greatest amount of emissions, 10 tonnes CO 2 per year compared to 3 and 0.3 tonnes for middle and low-income households respectively. 5 Total household emissions are projected to grow from 41 Mt CO 2 in 2006 to 54 Mt CO 2 in 2020 if 100% of existing households are electrified by 2020, a growth of approximately 32%, as shown in Table 6 . The greatest emissions growth rate is observed in the low-income households group despite the absolute value of their emissions remaining significantly below those of middle-and upper-income households. Figure 5 shows graphically the additional emissions from newly connected households (since 2006) only. This again shows the bulk of emissions growth stemming from middle-income households. By 2020, newly connected households will be adding an additional 13 Mt CO 2 eq to the atmosphere. Of these emissions, high-income households account for 4 Mt CO 2 eq, middle income ones for 8.5 Mt CO 2 eq and low income households just under half a Mt CO 2 eq in 2020.
Using the Long Term Mitigation Scenarios 'Growth Without Constraints' scenario as a business-as-usual (BAU) scenario to 2020, newly connected low-income households would contribute only 0.06% to total emissions in 2020. If South Africa were to meet its Copenhagen targets by 2020, the increased emissions due to additional consumption by newly electrified households would be 0.09% in 2020. The electricity supplied to all low-income households would contribute 0.2% to total targeted emissions under a BAU scenario and 0.3% if the Copenhagen targets are met. Electricity emissions for the whole residential sector would account for 7% of total emissions under a BAU scenario and 12% if the Copenhagen targets are met.
In a scenario where household growth is taken into account to 2020, total emissions would grow to approximately 67 Mt CO 2 in 2020 or an increase of 64% from 2006. Low-income households would contribute 0.2% to total emissions under a BAU scenario and 0.4% if the Copenhagen targets are met.
Conclusion
This study has demonstrated that providing 3.4 million households with access to a basic need would represent only a minor addition to South Africa's electricity demand and emissions profile. Residential electricity consumption is a relatively small share of total demand for electricity, accounting for approximately 15% of forecast demand in 2020. The share of poor households in this total is minor, accounting for only 0.4% of total electricity demand.
Electrification of low-income households will only increase electricity consumption by 0.11% in 2020, which indicates that this is not a credible basis to motivate building new coal-fired power sta- 
